Abstract: Bragg gratings incorporated into organic light-emitting diodes (OLEDs) establish a coupling between waveguide modes and useful light (leaky modes). Here we demonstrate that the net coupling direction depends on the OLED stack design. We fabricated two different device structures with gold Bragg gratings. Angle resolved electroluminescence spectra were recorded. For the first device peaks of enhanced emission due to the Bragg grating are observed corresponding to a net energy transfer in direction of the leaky modes. The second device, on the other hand, exhibits dips in the emission spectrum. This reversed direction of energy transfer from the leaky modes to the waveguide modes is explained considering transfer matrix simulations of modal intensity distributions and device emission simulations. An OLED efficiency enhancement is only achieved, if the waveguide mode extraction is dominant.
Introduction
In the last two decades, organic light-emitting diodes (OLEDs) were the subject of intensive studies [1] [2] [3] . Nowadays, OLEDs are found in commercial displays and lighting applications with passive and active matrix displays of mobile phones being the dominant application. OLEDs exhibit major benefits such as high power efficiency, Lambertian emission, and a wide color space, tunable by chemical synthesis of appropriate emitter molecules [3, 4] . Using phosphorescent emitters, the internal quantum efficiency of OLEDs is reported to reach nearly 100% [5, 6] . However, the external quantum efficiency of OLEDs still suffers from a poor light extraction [7] [8] [9] [10] . Only about 20% of the generated light leaves the device as useful light (leaky modes), if no further extraction techniques are applied [11] [12] [13] . About 50% is trapped in waveguide modes in anode and organic layers and surface plasmon polaritons (SPPs) at the cathode/organic interface. Another 30% of the light is reflected at the substrate/air interface due to total internal reflection. The extraction of these so called substrate modes has been widely studied and is typically achieved by a modification of the glass/air interface [14] or the substrate before processing the OLED [15, 16] . The extraction of the waveguide modes in the anode and organic layers is much harder to achieve. Extraction elements must be inside or close to the OLED thin film stack and have to be processable on large-scales to be suitable for commercial applications. In this context, waveguide mode extraction by Bragg scattering at grating structures [11, [17] [18] [19] (in the following referred to as Bragg gratings) and scattering at micro structures [20, 21] has been extensively studied. Following the Bragg grating approach, one usually expects that the introduction of these elements leads to an extraction of the guided modes. In the following we show that this is not necessarily the case and that the extraction efficiency may even be reduced by the grating structure due to incoupling of leaky modes to waveguide modes. In Ref [14] . an analogous effect is discussed for substrate mode extraction structures. Here we present two different polymer OLED designs with shallow onedimensional gold gratings on top of the ITO layer as well as a reference device without a grating (see Fig. 1 ). The design of device 1 allows for efficient energy transfer from the fundamental TE waveguide mode to leaky modes. By varying the gold grating thickness and the Super Yellow emitter layer thickness, we realized a second device design, which exhibits energy transfer from leaky modes to the fundamental TE waveguide mode and thus a reduced overall efficiency. We fabricated and experimentally characterized the devices. Furthermore, we performed transfer matrix (T-matrix) calculations of the waveguide modes in the OLEDs [22] and the emitter coupling to leaky modes with the software Setfos from Fluxim AG [23] . The comparison of simulation and experimental results allows for identification of the processes and parameters important for efficient waveguide mode extraction. 
Grating and device fabrication

Grating fabrication
One-dimensional gold Bragg gratings were fabricated by laser interference lithography (LIL). LIL allows for a rapid processing of nano-scale grating structures on large areas up to the square meter range [24] . We used standard prefabricated glass substrates with a 130 nm thick ITO layer as starting point. They were coated with photoresist and subsequently exposed to a periodic light pattern formed by the superposition of two expanded beams of an Ar + laser with a wavelength of 363.8 nm. The angle of the two beams determines the period of the interference pattern and thus the grating period, which was chosen to be Λ = 375 nm. After development of the resist, a gold-layer was evaporated under high vacuum onto the samples. By using a lift-off process the gold grating was obtained. For device 1 the grating depth was 15 nm; for device 2 the grating depth was 30 nm. The lift-off process was performed in two steps. Firstly, the samples were immersed into acetone for one hour, and subsequently treated in an ultrasonic bath for 15-30 s to remove the remaining photoresist.
OLED fabrication
The reference device was fabricated directly on top of an ITO-covered glass substrate without a gold grating. To fabricate device 1 and device 2, polymer OLEDs were fabricated on top of ITO-covered glass substrates with gold gratings. To this end, the substrates covered with ITO and gold gratings were cleaned with isopropyl and acetone in an ultrasonic bath and subsequently exposed to oxygen plasma to increase the ITO-workfunction and to remove the organic residues. The following steps were performed in a glovebox with nitrogen atmosphere. As a hole-transport layer a PEDOT:PSS (Clevios PH 500 purchased from H.C. Starck, diluted with H 2 O at a ratio 1:1) was spincoated at a speed of 2000 rpm, resulting in a 30 nm thick layer. As a polymeric emitter the phenylene substituted poly(paraphenylenevinylene) (Ph-PPV; "SuperYellow" purchased from Merck OLED Materials GmbH) was spincoated at 1000 rpm. We used SuperYellow dissolved in toluene and fabricated device 1 and the reference device with a 120 nm SuperYellow layer and device 2 with a layer thickness of 50 nm. Finally, a cathode consisting of a 50 nm layer of calcium and a 200 nm layer of aluminum was evaporated at a pressure of 10 7 mbar. Since the characterization of the devices was carried out under ambient conditions, the OLEDs were encapsulated using an epoxy resin adhesive and a glass cover.
Measurement and experimental results
To investigate the effect of the gratings on the interplay of waveguide modes and leaky modes we performed angle resolved electroluminescence spectra measurements. The measurements were carried out at room temperature using a source-measure unit (Keithley SMU 236), a spectrometer (Acton Research Corporation SpectraPro-300i) with an intensified chargecoupled device (ICCD) (Princeton Instruments PiMax:512) and a multimode fiber. The OLEDs emission spectra were recorded in a plane perpendicular to the grating grooves of the one-dimensional gold grating. A scheme of the setup is given in Fig. 2 . Fig. 2 . Schematic of the measurement setup used for angle resolved electroluminescence emission measurements. For the devices 1 and 2 the spectra were recorded in a plane perpendicular to the grating grooves.
Figures 3(a)-3(c) show the angle resolved emission of the reference OLED without gold grating, device 1 and device 2. It is clearly visible that the overall angular and spectral emission of the two gold grating devices is different from the emission of the reference device. The introduction of the gold grating modifies the microcavity of the OLEDs and thus the coupling of the leaky modes to the emitter. For device 1 this leads to a spectral red shift in the emission whereas the emission of device 2 is blue shifted. Measurements in an Ulbricht sphere yielded that device 1 exhibits about 25% enhanced power efficiency compared to the reference device, whereas device 2 only reaches 70-75% of the power efficiency of the reference device. These changes in efficiency are mainly attributed to waveguide mode extraction and different environments (cavities) of the emitters. A more detailed analysis of the latter will be given elsewhere. Here, we want to focus on Bragg scattering effects of the grating on the waveguide mode. In Fig. 3(b) the emission of device 1 exhibits peaks at certain angles θ(λ) whereas the emission of device 2 exhibits dips at similar angles (Fig. 3(c) ). The emission of the reference device shows neither peaks nor dips. Figures  4(a) and 4(b) show the emission of device 1 and device 2 as a function of the emission angle to air at the SuperYellow peak emission wavelength of λ = 550 nm. In Fig. 4(c) the polarized emission of device 1 is given, indicating that the peaks are associated to TE-polarized emission. 
Discussion and simulation
In order to explain why the emission of device 1 exhibits peaks whereas the emission of device 2 exhibits dips, we discuss the coupling of waveguide modes to leaky modes in more detail. Optical modes can be classified by the in-plane wave vector k x . Figure 5 shows a general classifications of optical modes in OLEDs in a dispersion diagram ω(k x ). The leaky mode region of light that is able to leave the device is located above the so called air light line. Below the air light line and above the glass light line the substrate mode continuum is found. Below the glass light line, we find discrete waveguide modes. For both gold grating devices, we performed one-dimensional transfer matrix calculations of the waveguide modes in the OLED thin film structure, treating the gold grating layer like a homogeneous effective material with averaged optical properties of air and gold. The calculated propagation constants of the fundamental TE mode together with Eq. (2) were used to calculate the mode extraction angles θ for device 1. A comparison of the calculated angles (solid line) and the measured extraction angles (dots) is given in Fig. 6(a) and associates the extraction peaks with first order Bragg scattering of the fundamental TE mode. The modal electric field intensity at a wavelength of 550 nm is given in Fig. 6(b) .
In device 2 the situation is different. The dips for device 2 with the 50 nm SuperYellow layer can be explained by the inverse process to Eq. (1):
which describes the incoupling of light from leaky modes k x into the waveguide mode β by Bragg scattering. In Fig. 5 , this process is represented by arrow 2. T-matrix calculations of the fundamental TE mode of device 2 together with Eq. (3) were used to calculate the dip positions θ(λ). A comparison of the calculations with the measured dip positions is given in Fig. 6(c) . Figure 6(d) shows the fundamental TE mode electric field intensity in device 2. Typically, in OLEDs coupling takes place in both directions -from waveguide modes to leaky modes and vice versa. In the following we want to address the question why in device 1 the first process according to Eq. (1) is dominant and in device 2 the second process described by Eq. (3) dominates. Starting from Fermi's golden rule the transition probability of an excited exciton in an OLED into a TE mode can be written as [25] :
with the intrinsic radiative transition rate W 0 , the refractive index of the emitter material n org and the wavevector in vacuum k 0 .
E is the in plane electric field component of a certain mode, z the direction normal to the OLED surface and z e the emitter zone position in the device. Thus, the last fraction in Eq. (4) is a measure for the electric field intensity of a certain mode at the emitter position. Figure 6 (b) and 6(d) show the fundamental TE mode intensity distribution of device 1 and device 2 at a wavelength of 550 nm. The electrical field intensity of the TE waveguide mode in the emission layer of device 1 is much higher than in device 2. This indicates that in device 1 the waveguide modes are stronger populated compared to device 2. In order to investigate the coupling of the emitter to waveguide modes and leaky modes in more detail we made use of the software Setfos from Fluxim AG [23] . We carried out one-dimensional optical simulation of an emitting dipole in the two different OLED structures. The gold grating was treated as a homogeneous effective material with averaged optical properties of air and gold. We chose the emitters in both devices to have the same intrinsic emission intensity and placed them in the middle of the SuperYellow layer. Figure  7(a) shows the calculated dipole emission as a function of the effective index of refraction n eff . Device 1 exhibits a distinct peak around n eff = 1.6 related to the fundamental TE waveguide mode whereas the coupling to leaky modes (n eff < 1) is rather weak. For device 2 the situation is opposite. The emission to leaky modes is stronger, but the peak related to the waveguide mode is rather weak. The emitter emits to the leaky mode and the waveguide mode. In addition, the grating couples the waveguide and the corresponding leaky mode. It should be noted that the grating only couples these states; it does not determine the energy transfer direction. The latter is determined by the ratio of the population of the leaky mode and the waveguide mode by the emitter. Furthermore, the waveguide modes are damped, a fact which is mainly attributed to the conductive electrodes having high values of the imaginary part of the index of refraction. This hinders the outcoupling to be more efficient, even if outcoupling dominates over incoupling. On the other hand, leaky modes leave the device and propagate to the far field. This principle is illustrated in Fig. 7(b) . Fig. 7 . (a) Simulated dipole emission as a function of the effective index of refraction neff at a wavelength of 550 nm. Device 1 exhibits a distinct peak around neff = 1.6 related to the fundamental TE waveguide mode, whereas the coupling to leaky modes (neff < 1) is rather weak. For device 2 the situation is opposite. (b) Scheme of the emitter coupling to leaky modes and waveguide modes including grating coupling via Bragg scattering between modes into both directions. Arrow 1 represents the waveguide mode extraction process described by Eq. (1). Arrow 2 represents the incoupling in waveguide modes described by Eq. (3). In addition the waveguide modes are damped due to the conductive electrodes and leaky modes leave the device towards the far field.
The simulations agree well with our experimental findings. For device 1, the light extraction process dominates. In device 2 the process of coupling light from the leaky mode region into the waveguide mode dominates over the light extraction process from the waveguide mode to leaky modes. Neglecting the incoupling process, one could have expected waveguide mode outcoupling peaks also for device 2, even though, the waveguide mode in device 2 is only weakly populated by the emitter. This is of particular importance for more complex OLED structures with several organic layers and more than one waveguide mode. In this case one should avoid that a structure designed to extract a certain mode might lead to unfavorable incoupling into other waveguide modes or SPPs. The important parameters are the emitter coupling to the waveguide mode and to the corresponding leaky mode, to which the waveguide mode is coupled to by the grating. A general guideline or design rule is hard to give as OLED stack design is an optimization task with many parameters. Electrical and optical requirements have to be fulfilled simultaneously. Nevertheless, our investigation shows that the interplay of in-and outcoupling needs to be considered, when a stack design is developed for OLEDs with waveguide mode extraction elements.
Conclusion
We investigated the interplay between waveguide modes and leaky modes considering two different polymer OLEDs with gold gratings. The experimental findings were compared to simulations of the waveguide modes and optical device emission, which allows for explaining the experimental findings. We showed that the stack design and layer thicknesses of the OLEDs have a strong impact on the extraction efficiency. This can even lead to a situation, in which incoupling into waveguide modes dominates over the intended extraction effect. Especially for complex multi-layer OLED designs with several waveguide modes, our findings are of importance for the design of efficient mode extraction structures and the maximization of the overall efficiency of the devices.
